Facemasks are widely used as a protective measure by general public to prevent inhalation of airborne pathogens including seasonal, swine and other forms of influenza and severe acute respiratory syndrome (SARS), etc. However, scientific data on effectiveness of facemasks in reducing infections in the community are extremely limited and even inconsistent. In this work, two manikins labelled as 'source' and 'susceptible' were used to measure the protection provided by facemasks under various emission scenarios. The source was modified to generate polydisperse ultrafine particles, whereas the susceptible was modified to mimic a realistic breathing pattern. The facemask was challenged by both pseudo-steady and highly transient emissions generated by an expiratory process where parameters, such as separation distance between manikins, emission velocity and expiratory duration, were controlled and measured systematically. Performances of four different types of facemask fits, varying from ideal to normal wearing practice, were also investigated. Under the pseudo-steady concentration environment, facemask protection was found to be 45 per cent, while under expiratory emissions, protection varied from 33 to 100 per cent. It was also observed that the separation between the source and the manikin was the most influential parameter affecting facemask protection.
INTRODUCTION
Wells [1] was the first to hypothesize droplet nuclei transmission of airborne infections in the 1930s. Since then many pathogens have been identified as liable to be transmitted through the airborne route [2, 3] . When a contagious individual coughs or sneezes, numerous droplets containing infectious particles (bacteria and viruses) are released [4, 5] . Despite severe public health and financial implications, the issue was not addressed seriously until the outbreak of severe acute respiratory syndrome (SARS) in 2003 and the recent outbreak of human swine influenza (H1N1) in May 2009.
Since after the outbreaks, diverse research have been undertaken to find ways of controlling and reducing infections caused by airborne pathogens and those caused by human-to-human contact. There are different groups of approaches to control airborne-transmitted diseases. Ventilation and air flow patterns were widely investigated to study the influence on droplet transmission [6, 7] . Ventilation air dilutes bio-contaminants, which reduces the concentration level, and hence occupants have less risk of infection. Active devices such as air cleaners may also be an effective control measure to reduce exposure when they are properly located relative to the infected person [8] . The thermal pressure effect developed from the differential temperature between two zones to induce airborne transmission was studied [9] . An air curtain was used to reduce the air exchange owing to the differential temperature between two zones by reducing the area of the openings [9, 10] . Instead of controlling airborne transmission in a space, respiratory protective equipment (RPE) provides personal protection against infection [11, 12] . There are many different types of RPE, varying from simple facemasks, N95 respirators to self-contained breathing apparatus. Many previous studies have focused on testing respirators [13, 14] . However, facemasks are not only easy to use and more comfortable to wear compared with respirators, but they also cost much less.
The original use of facemasks was to help protect surgical wounds from staff-generated nasal and oral bacteria [15, 16] . Today facemasks find much broader usage in metropolitan cities where close contact of people are frequent and inevitable, particularly inside public transport facilities, shopping malls and workplaces.
However, despite much research effort, the effectiveness of facemasks for preventing the contraction of influenza is still under debate and the results presented are not viewed as conclusive [12, 17, 18] . For instance, the Centre for Disease Control and Prevention commented that there were only limited data available on the effectiveness of facemasks in preventing transmission of H1N1 (or seasonal influenza), while the UK's National Health Service (NHS) did not recommend the use of facemasks for healthy people in the community as there was 'no conclusive evidence that facemasks protect healthy people in their day-to-day lives' [19] . Nevertheless, some recent research results have observed that facemasks significantly reduce the risk of contracting influenza-like illnesses in households [12, 20] . In many Asia countries, facemasks are routinely used by the general public to reduce exposure to airborne pathogens.
Facemask protection can be classified broadly into two pathogen challenges, steady and episodic, which are related to characteristics of emissions. If a number of infected persons cough in a ventilated indoor environment, i.e. waiting rooms of hospitals or private clinics, a number of episodic expiratory emissions occurring at different times can generate pseudo-steady pathogen concentrations. In this case, even if a susceptible victim is not physically close to infected persons, he would still be exposed to pseudo-steady concentrations and the facemasks he wears would be challenged by the pathogens. Many existing testing protocols evaluate the filtration performance of facemasks under steady flow conditions [21, 22] . Comparing the results reported in the literature, it was found that the penetration factor for facemasks follows a similar trend; for ultrafine particles (UFPs), the penetration can be as low as 10-30%. This increases with particle diameter, and reaches 80-100% from 0.2 to 0.5 mm. Beyond this size range, the penetration decreases 10-60% for particle sizes up to 3 mm [13, [23] [24] [25] [26] .
Nevertheless, when an infected person sneezes or coughs in close vicinity to others, their facemasks are challenged by a transient concentration profile. Characteristics of expiratory episodic emissions include the generation emission of droplets at high velocities and short-duration emission. To our best knowledge, the performance of facemasks under these conditions have not been measured and quantified in peer-reviewed literature. Another issue that has not been studied is how periodic breathing affects the ultimate exposure. Recently, the present authors have observed that breathing has a significant influence on exposure [27] . While wearing a facemask, breathing creates alternate positive and negative pressures inside the facemask. During inhaling, more particles may infiltrate through leaks around facemasks. Thus, the steady-state efficiency claimed by the manufacturer may not represent the real efficiency under heavy breathing conditions. Apparently, no methodology or protocol has been developed so far for testing facemasks under expiratory processes, by mimicking patients' (active carriers) coughs or sneezes [28] .
It is believed that emission velocity, emission duration, leaks around the facemasks, distance between the infected person and the susceptible victim, and pulmonary ventilation of the susceptible are the major factors affecting the ultimate protection and exposure. Except for the leaks around the facemask [25] , none of these have been studied to any extent.
Owing to varying public perceptions of the impact of wearing of facemasks on public health, there is an urgent need for a comprehensive experimental study to measure the protection provided by facemasks against aerosols under realistic expiratory processes and pseudosteady conditions. Experiments were conducted for a wide range of conceivable practical parameters such as expiratory velocity, emission duration, leaks around the facemask and separation distance between the infected person and the susceptible victim. The aim of this work is to investigate the performance of facemasks in providing protection under various environmental conditions and human factors.
PARAMETERS SELECTION
Six important parameters were considered in this work: nature of the source, wearing conditions, emission velocity V, duration of the expiratory process t, separation distance between two manikins D and leaks around facemasks.
Both transient and steady aerosol concentrations were used to test how the protection provided by facemasks varies with the nature of the source. An expiratory process was used to mimic a transient source, while a pseudosteady source was achieved by injecting aerosols from an external source into the chamber.
According to some results reported recently in the literature [29, 30] 21 , were tested in this work. They were measured at a fixed location 5 cm away from the source manikin.
The duration of a single expiratory cycle varies with individuals, usually between 0.5 and 2 s. In the literature, the duration of the whole expiratory process was taken to be 0.9 s [31] [32] [33] . Therefore, the expiratory durations of 0.5 and 1 s were selected as being appropriate, while a duration of 2 s was considered as an extreme case. Although such a long duration as 2 s may only occur rarely in real life, the result of such a duration would demonstrate the worst condition under which the facemask could be challenged. A duration shorter than 0.5 s was not considered because there would be too few emitted droplets to enable accurate measurement. Besides, the dynamic behaviour of electrical modulations of the valve limits the accuracy of shorter duration as the valve takes a certain amount of time to operate mechanically.
The distance between the source and the susceptible was varied from 30 to 60 cm. This represents a common social behaviour. People have been reported to have four proxemics zones, where the intimate and personal distances were within 18 inch (45.7 cm) and 18 inch to 4 feet (45.7 -121.92 cm), respectively [34] . The testing separations represent a normal distance between two people conversing, while one of them (the source) coughs or sneezes during the conversation.
Four facemask wearing conditions were mimicked to represent different ways people might wear facemasks. The first was a fully sealed facemask, regarded as the ideal case, where all sides were sealed onto the manikin's face by double-sided tape, i.e. penetration was possible only through the facemask. The second was a three-side-sealed facemask, where three sides were Factors affecting facemask efficiency A. C. K. Lai et al. 939 sealed and the upward side was shaped in a normal way to mimic natural wearing. Since only one side of the facemask was not sealed, the penetration pathway for unintentional leakage could be studied. The third wearing condition was also a three-side-sealed facemask, but with a 4 mm artificial leakage on both sides of nose, such a small area was provided in order to study the penetration pathway for intentional leakages. The last one was the closest to the normal wearing pattern as no artificial seal or leakage was applied. In order to mimic the normal wearing as close to practice as possible, the facemask was worn by pinching the stiff metal edge to mould to the bridge of the nose and by fully covering the chin.
In the breathing system applied in this study, the maximum breathing flow rate was set to 15 l per minute (LPM). Each cycle lasted 4 s, i.e. 2 s for inhalation and 2 s for exhalation. Therefore, within 4 s, the flow rate was varied from þ15 LPM to 215 LPM, representing inhalation and exhalation, respectively.
All the above parameters were selected for episodic scenarios. To determine influences of breathing on facemask protection challenged by a steady source, an atomizer was used to generate aerosols, which were injected through a supply duct into the chamber. The chamber was ventilated at 15+ 0.3 air changes per hour (ACH) for all experiments. Under this supply scenario, the facemask was worn the normal way without any sealing. Figure 1a shows the experimental set-up, including chamber configuration and the manikins' set-up. Two manikins, named as 'source' and 'susceptible', were placed close to the middle of the experimental chamber of dimensions 2.30 Â 2.25 Â 2.30 m 3 (W Â D Â H), where well-mixed ventilation was used. Figure 1b shows the schematic of the experimental set-up of an electro-mechanical breathing and sampling system for the susceptible and a sneezing system for the source manikin. The breathing and sampling system were divided into four parts, viz. Paths A, B and C were part of the breathing circuit, while Path D was the sampling system. Pulmonary ventilation was set at 15 LPM throughout the experiment. The breathing waveform was controlled by a National Instruments LabVIEW program. Details of the design and fabrication of manikins can be found elsewhere [27] ; they are only briefly described here. The sneezing system of the source manikin consisted of a compressor, an on/off electrical modulating valve, a manual electrical modulating valve and a spray gun (180D, Spray-Work, Tamiya). The on/off electrically modulated valve controlled the sneezing duration, governed by the LabVIEW program at 0.5, 1 and 2 s. A manual electrically modulated valve was used to control the flow rate of sneezing.
Experimental set-up and procedure
Droplet concentration was measured by a condensation particle counter (CPC, 3775, TSI Incorporated; accuracy of +10%), which collected samples from teeoffs of the breathing system, as shown in figure 1b. The concentration, therefore, was influenced by the breathing system. Since the peak concentration was an important parameter in this work, a high sampling frequency of 10 Hz was used to capture transient concentrations.
Temperature values were monitored and controlled through the LabVIEW program. Throughout the experiments, the two manikins wore light long-sleeve T-shirts. Only one brand of commonly available facemasks, purchased from a local supermarket, was used. It should be noted that the objective of the present work was not to compare the performances of various commercial facemasks.
Experimental procedure
The skin temperature of both manikins was adjusted to 33.0 + 0.28C, regulated by switching on a control. In general, it took 30 to 60 min to achieve the set point. The manikins' facemasks were sealed by applying doublesided adhesive tape carefully around the edges. The physical location of each manikin was arranged according to applicable parameters. Figure 2 shows the arrangement of facemasks worn by the manikins. Artificial leakages were introduced by sticking two 4 mm spacers on the manikin's face under the eye sockets. The spacers ensured that the facemask would not be fully plastered on the face, and therefore some slits were created on the sides of these spacers. Apart from this area, the other sides were fully sealed. Air velocity was measured before and after the experiment without aerosols by a handheld hot-wire anemometer (IAQ-CALC, TSI; accuracy of +3%) placed 5 cm from the emission point which was treated as a reference. The true velocity at the mouth would be better measured using instruments without probes, such as an laser Doppler velocimetry (LDV) or a particle image velocimetry (PIV), as any probe will undoubtedly disturb the flow. It is ideal to use non-invasive approaches to measure the velocity at the vicinity of the mouth to represent the true emission velocity. Owing to the constraint of the available instrument, only the reference velocity approach was adopted. The anemometer was calibrated by a constant temperature anemometry system (IFA 300, TSI) prior to measurements.
Polydisperse sodium chloride (NaCl) particles were generated by the spray gun. Residues of NaCl may clog the nozzle and, therefore, before each experiment, the spray gun nozzle was cleaned with ethanol. The gun's container was filled with NaCl solution. Emission duration was controlled accordingly. The emission quantity varied from trial by trial by around 5-10%. In order to facilitate cross-comparison between different sets of data, concentration measured at the mouth was made dimensionless by normalizing the peak concentration at a point 30 cm away from the source.
Part of the experiment was conducted to mimick a steady 'external' source. The output of the atomizer was connected to an air-conditioning supply duct. By placing an ultrafine particle counter (P-Trak, 8525, TSI; assumed accuracy the same as the CPC; +10%) and the CPC, it was confirmed that the concentration inside the chamber was pseudo-steady for over an hour. NaCl was used as the source media of the pollutant.
The particle size distribution for NaCl solution was measured by the scanning mobility particle sizer (SMPS) (3936, TSI). The peak concentration obtained was for particle sizes of about 35 nm with geometric standard deviation (GSD) of 1.81. Most particles were regarded as UFPs. In the literature, the evaporation time is very short for small droplets. The evaporation times to achieve equilibrium size distribution were 0.8 and 0.33 s for 5 and 3 mm droplets, respectively [35] . Similar results were also found that the smaller the droplets initial size, the faster the evaporation time would be [36] . Hence, it can be predicted that the evaporation time for UFPs can be neglected in this study.
RESULTS AND DISCUSSION
To calculate the magnitude of protection provided by the facemasks, experiments were divided into two categories: no facemask wearing and facemask wearing. Under each category, a wide range of parameters was studied. A series of baseline cases (total of 12 runs) was defined as that of no facemask worn by the susceptible. As expected, the measured concentration represented the maximum dose inhaled by the susceptible under the specified emission duration and emission velocity. In all other cases, where facemasks were worn, some measure of protection was achieved (details are listed in table 1). How periodic breathing influences facemask performance had not been previously reported. The conventional parameter of filtration efficiency is not suitable. This conventional parameter includes material efficiency and bacterial filtration efficiency [21, 22] . The parameter of breathing has been considered in literature [37] , but the evaluation of efficiency only accounts for the particle concentrations inside and outside facemask (conventional evaluation approach), without considering the effect of breathing. We define a new parameter, protection degree (PD), as a measure of the extent to which exposure (to airborne diseases) is reduced by facemasks.
where PD is the protection degree, C WF and C NF represent the temporal concentration measured at the mouth, with facemask and without facemask, respectively, C 30 is the concentration measured at 30 cm away from the source's mouth. This concentration is regarded as the reference point for the measurement at the susceptible. Since the emission from the source may not be the same throughout the experiments, use of the reference point would make the results comparable; hence C WF and C NF are normalized by the reference. The integration, being the area under the concentration versus time curve, indicates the exposure level of the receiver. The ratio between the cases with and without facemask indicates the amount of aerosol that could pass through the facemask. The PD, therefore, is calculated by subtracting this ratio from unity. Based on equation (3.1), to evaluate the PD, the background concentration was assumed steady and the concentration was assumed to return to the initial background level after the expiratory emission. Sometimes the concentration was observed to be higher than the initial background level even after a sufficiently long time. Nevertheless, this effect was slight and not significant when compared with the concentration developed under expiratory emission. In addition, all set-ups in the experiment, including tubing, were the same. Hence, the sampling losses in the measurements were assumed to be the same. Since we adopted the ratio-approach calculation, the sampling loss should not significantly affect the result.
The integral limit depended on the duration of the concentration profile developed by the emitted aerosol. Based on previous experiments [27] , the transition concentration level returned back to the initial background concentration within 20 s after the expiratory emission process; therefore, the upper limited of the time integral was set as 20 s. In the case of a constant source, this time limit was taken to be 3 min approximately, depending on the duration of the experiment.
Most of the experiments were conducted under (transient) expiratory emission with periodic breathing. These two were non-steady processes and could determine the concentration of particles entering the mouth. Two extreme cases corresponded to the aerosol cloud reaching the mouth, when the susceptible started either inhaling or exhaling. In the former, aerosols could enter the body, while in the latter, aerosol could not cross the physical boundary. Since the commencement of emission and the breathing process were not synchronized, the concentration reaching the mouth was stochastic [27] . Hence, each experimental run was repeated 20 -30 times, the concentration was divided into different bins, and the frequency was counted for each bin. The data from the highest frequency bin (i.e. the mode) were used for calculation. This allowed a more practical way of evaluating the PD. In addition, there were some outlying concentration frequency data observed in different scenarios, and some may not be normal-distributed. Sometimes, even occasional or rare experimental data were found. The mode was, therefore, used as it was insensitive to these results when compared with the mean. Figure 3 shows a typical histogram of the frequency distribution. Figure 4 shows the comparison between the conditions with and without facemask. Under steady-state conditions, the PD defined in equation (3.1) above for evaluation of exposure reduction by facemasks becomes:
Steady-state results
where C WF , C NF are the concentrations with and without facemasks, respectively. Using equation (3.2), the PD was found to be 45 + 0.9%. This result shows that wearing a facemask under steady-state conditions can reduce inhalation of UFPs by about 45 per cent. In addition, it can be observed that the maximum concentration in the experiment set without a facemask was obviously higher than in the set with a facemask, where the mean number concentrations were 28 246 and 14 689 per cubic centimetre corresponding to without and with the facemask, respectively. By viewing the means of two oscillations, a certain degree of protection as a result of the facemask is observed. This result agrees with the result found from equation (3.2). sneezing. The data were normalized by the peak concentration ratio of the no facemask scenario for comparison. It is obvious that peak concentrations were reduced to different extents under different wearing scenarios, which increased the magnitude of PD. We defined the response time to be the time taken for the peak to develop after an expiratory emission. Response time varied between 2.7 and 3.9 s, with the fastest response for the situation of no mask and the slowest response for the situation of wearing a fully sealed facemask. This can be explained by the fact that the facemask worked as an obstruction for the aerosol to access the susceptible's mouth so that the entire system has a longer characteristic time. Without any artificial leakage, the aerosols had to penetrate the facemask before being sampled. This situation was different from scenarios of wearing facemask, in which aerosols could access the mouth through natural and artificial leakages around the facemask. The more the leakage, the easier it was for the aerosol to access the manikin's mouth and the faster the response. As mentioned earlier, the experiment was a stochastic process where large variations of concentration profiles were considered. Therefore, figure 6 shows PDs of different wearing scenarios, which varied over a wide range.
Expiratory emission results
The minimum and maximum protection were calculated by the minimum and maximum inhalation, respectively, in each experimental run under the 'with facemask' condition. The exposure varied with the breathing cycle, resulting in variations of PD. Figure 6 also shows that the range of PD varies within each of the four types of mask arrangements. The variation becomes significant for wearing scenarios of the three-side-sealed facemask and normal wearing. The maximum-to-minimum ratio increases from 1.1 times (99/89%) for the scenario of fully sealed facemask to 3.8 times (69/18%) for the scenario of normal wearing. This may be attributed to wider leakage paths which provide larger access paths for aerosols and lead to a higher sensitivity to the surrounding environment.
The results under different scenarios and using the mode concentration for calculation are summarized in figure 7 , which shows that under the same conditions, the fully sealed facemask offers the highest protection, followed by the three-side-sealed facemask with artificial leakage and the three-side-sealed facemask (without artificial leakage), while the normal wearing facemask gives the least protection. It is obvious that the sealed facemask provides nearly 100 per cent PD under all scenarios. Thus, if there is no artificial leakage around the facemask, excellent protection against UFPs emitted by the expiratory process is possible. The reduction in PD offered under other wearing scenarios was mainly caused by the voids or gaps between the facemask and the face.
Effect of leakage
When a 4 mm artificial leakage was created in the facemask, the PD was reduced by a small amount, to a minimum of 80 per cent in the extreme case. It is interesting to note that the facemask with artificial leakage had higher PD compared with the three-side-sealed cases. This seems counterintuitive and can perhaps be attributed to leakage pathways. When a 4 mm spacer (artificial leakage) was inserted, some slits were created on both sides of spacer as shown in figure 2 . However, the sum of the area of these slits may not equal the area of the 4 mm circular spacer (about 50 mm 2 ). Visual inspection shows that the leakage size may be less than 4 mm. Therefore, 4 mm only indicates the size of spacer, but not the slit size (artificial leakage) of the facemask. Further work should be done to study the effect of artificial leakage size on PD.
Under the normal wearing scenario, PD is reduced to 33.6 per cent when the highest expiratory speed and the shortest separation distance are considered. The natural leaks around the facemask provide a pathway for the aerosols to reach the susceptible's mouth. The large reduction of PD indicates that the leakage cannot be neglected under normal wearing practices.
The wearing arrangement of facemask was shown to have a significant influence on PD. The above discussion was focused on different wearing scenarios. In addition, as can be seen from table 1, three other parameters were also tested. These were emission duration, emission speed and distance between manikins. Figure 7 shows a summary of the PDs under different scenarios. Effects of these parameters are analysed herein below. 
Effect of distance
Increasing the distance between the source and the susceptible obviously enhanced PD. This shows that the separation distance between two manikins plays a dominant role in determining PD. In the worst scenario, i.e. the shortest separation distance and the highest emission velocity under normal wearing (30 cm separation and 30 m s 21 emission), PD is enhanced more obviously on increasing the separation distance to 60 cm than on decreasing the emission speed. With the shorter separation, it was easier for the aerosol to reach the susceptible. Even when the emission speed was decreased, a certain amount of aerosol could reach it. However, if the separation distance was increased, the aerosol had to travel a longer distance to reach the susceptible. Because of its cone-shaped emission, the concentration was lower at a particular point after the aerosol had travelled a longer distance. Therefore, the separation distance has a greater effect on PD.
Effect of emission speed
In general, the higher the emission speed, the lower was the PD. This can be interpreted as implying that the greater speed causes a higher differential pressure between the surrounding environment and inside the facemask. The greater transient pressure difference would aid the aerosol to reach inside the facemask from outside. Therefore, with the lower emission speed, the lower pressure difference across the facemask lowers the access to the mouth. Future measurements of the transient pressure could be used to verify the hypothesis.
Effect of emission duration
Results show that the longer the duration of the emission, the lower the PD. With the longer emission duration, the susceptible manikin was exposed to the aerosol cloud for a longer time. Therefore, more aerosol could access the susceptible manikin's mouth (sampling point), which leads to lower PD eventually.
The analysis of variance (ANOVA) was conducted for the measurement results. The ANOVA results showed that the PD of facemasks is influenced more by the facemask scenarios than the various parameters of velocity, distance and duration. For each facemask scenario, the ANOVA was performed to test the influence of the parameters and the facemask scenario. The results are shown in table 2. The results show that distance has the dominant influence on the PD among these three parameters. The p-value of distance is the smallest with the significant confidence (less than 0.05) compared with velocity and duration in three different wearing facemask scenarios (normal wearing, three-side-sealed facemask and three-side-sealed facemask with artificial leakage). This indicates that distance has the most influence on the PD. Nevertheless, this is not the case for the fully sealed facemask scenario, where the p-value of these three parameters are all larger than the significance level of 0.05 (smaller than 95% confidence level), indicating that these factors do not have a significant relation with PD. Therefore, it can be concluded that when the facemask is fully sealed, the parameters, i.e. emission velocity, duration and distance, do not affect the exposure at the mouth. However, when a leakage exists, the exposure at the mouth is directly affected by these tested parameters, with distance having the greatest effect. Ventilation may also influence PD, especially in the case of wider separation distances between the two manikins and lower speeds of emission. This could be explained by the fact that with a lower speed and a longer distance, the jet flow from the source is diffused when the speed decreases. It becomes easier for the aerosol to be disturbed by ventilation when compared with a higher speed or a shorter separation distance. Therefore, it would be more difficult for aerosols to access the mouth in this situation.
LIMITATIONS
In this work, comprehensive tests were carried out to investigate the protection provided by facemasks under a wide range of conditions and scenarios. It is very difficult to completely mimic truly normal wearing conditions as human skin's surface is soft, while the manikins used had a hard (solid) surface. The start of droplet emissions was not synchronized with the breathing circuit, and hence the mode concentration model was adopted to calculate the magnitude of protection. Furthermore, leaks could not be guaranteed to be the same for all 'normal wearing' scenarios. Besides, water vapour might have formed if the wearing period was long, which might have affected the performance of the facemask [38] .
CONCLUSIONS
In this work, the protection provided by facemasks was studied experimentally by challenging pseudo-steady and transient aerosol sources generated by the expiratory process. Developing a standardized testing protocol was beyond the scope of our analysis. Nevertheless, it is important to study the magnitude of protection facemasks provide under pseudo-steady and transient emissions since they are often used as a preventive measure that guards against airborne pathogen transmission.
As mentioned, ventilation and air flow patterns naturally affect the airborne dispersion process. However, since this paper focuses on the effectiveness of facemasks, the experiments were only conducted under the one ventilation scheme (well-mixed ventilation). With such a high emission velocity in the expiratory process, it is believed that ventilation will not affect the ultimate PD significantly [39] .
The pseudo-steady condition was achieved in a wellmixed chamber, while transient scenarios were realized by the expiratory process. One of the key features of the measurements was that practical breathing was mimicked by using a thermal breathing manikin. The level of protection was parametrized by reduction of exposure. It was observed that under pseudo-steady conditions, the PD is 45 per cent for normal wearing scenarios. Under transient scenarios, the PD varied from 33 to 100 per cent with different parameters. It was observed that fully sealed facemasks provide the highest protection, while the least protective was the normal wearing. It was also observed that the reduction of exposure decreases with increasing emission velocity and emission duration, and with decreasing separation distance between source and susceptible manikins. The current results have important implications for public health as wearing facemasks has become a common protection measure, particularly in some Asian countries.
The current study is the first study investigating a wide range of parameters affecting the protection performance of facemasks. The results presented here are very useful for public health professionals, occupational hygienists and industrial hygienists to evaluate personal exposure. Since the PDs for both steady and transient events have been measured, personal exposure can be estimated when the airborne concentration is readily given. These will be very helpful for these professionals to estimate the total (indoor and outdoor) exposure.
The particles used in this study were spherical, but the shapes of viruses and bacteria are cylindrical or of some irregular morphologies. In this case, even with the same equivalent size, the behaviour of particles and viruses may be different. Therefore, different professions can extend the present study to their applicable area, such as for fibrous-shaped pollutants. In addition, the relative humidity (RH) should also be considered for follow-up studies, since wearing facemasks will undoubtedly increase the RH between the face and the facemask. Such further studies would be very important as the humid environment may provide a hotbed for viruses and bacteria.
It is believed that numerical models can improve the design and the performance of the facemasks. For instance, the filtration materials can be replaced according to the environmental conditions. Until now, there have been limited numerical studies on facemasks. Computational researchers can also validate their results with the present experimental results. For instance, they can model a completely sealed wearing scenario and compare their results with the present study. In addition, the current study would be useful for investigations in computational epidemiology, such as simulations of pandemic respiratory disease in populations [40] [41] [42] . The experimental data in this study can help to estimate pandemic spreading under different protection scenarios, e.g. how facemasks are worn would affect the reduction of the transmission.
As stated, the present work is only a first step to investigate the performance of facemasks. One of our objectives was to measure the effective 'leakage' area for different artificial leakage size. This will become a useful tool to characterize the performance of facemasks in practical applications.
